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BRIEF DEFINITIVE REPORT

    Airway hypersensitive reaction (AHR) ( 1 ) is 
known to be associated with Th2 cytokines —
 including IL-4, IL-5, and IL-13 — regulating ef-
fector functions ( 2 ). Indeed, overexpression of 
these Th2 cytokines results in the development 
of AHR ( 3 ). However, eff orts to ameliorate ex-
perimental asthma with antibodies against Th2 
cytokines have generally proven unsuccessful. 
Among these, only IL-13 seems to be a key cyto-
kine responsible for goblet cell hyperplasia, 
airway remodeling, and AHR ( 4 ), because in-
hibition of IL-13 activity, but not that of other 
Th2 cytokines, by a blocking antibody suppresses 
both AHR and airway infl ammation. 

 IL-25 (also known as IL-17E), a member of 
the structurally related IL-17 cytokine family 
( 5 – 7 ), has recently been reported to be produced 
by activated Th2 cells ( 5 ) and mast cells ( 8 ), re-
sulting in enhancement of AHR ( 9, 10 ). Admin-
istration of a blocking antibody against IL-25 
( 11 ) or IL-25 – defi cient mice ( 12 ) eliminates 

Th2 responses. Conversely, systemic expression 
of either human ( 7 ) or mouse ( 11 ) IL-25, or 
administration of recombinant IL-25 ( 5 ), induces 
Th2-type immune responses, including increased 
serum IgE levels, blood eosinophilia, and patho-
logical changes in the lung and other tissues. 
These fi ndings clearly demonstrate a pivotal role 
of IL-25 as a mediator of Th2 responses, sug-
gesting that IL-25 lies upstream of the classical 
Th2 cytokine responses ( 5, 11 ). 

 NKT cells characterized by the expression 
of an invariant antigen receptor encoded by 
 V � 14J � 18  in mice or  V � 24J � 18  in humans are 
also involved in the development of asthma, 
because NKT cell – defi cient J � 18  � / �   mice fail to 
develop antigen-induced AHR ( 13 ). Th2 cells 
are not always essential for NKT cell – mediated 
AHR development, because activation of NKT 
cells induces AHR in the absence of CD4 +  T 
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 Airway hypersensitive reaction (AHR) is an animal model for asthma, which is caused or 

enhanced by environmental factors such as allergen exposure. However, the precise 

mechanisms that drive AHR remain unclear. We identifi ed a novel subset of natural killer 

T (NKT) cells that expresses the interleukin 17 receptor B (IL-17RB) for IL-25 (also 

known as IL-17E) and is essential for the induction of AHR. IL-17RB is preferentially 

expressed on a fraction of CD4 +  NKT cells but not on other splenic leukocyte populations 

tested. IL-17RB +  CD4 +  NKT cells produce predominantly IL-13 and Th2 chemokines upon 

stimulation with IL-25 in vitro. IL-17RB +  NKT cells were detected in the lung, and deple-

tion of IL-17RB +  NKT cells by IL-17RB – specifi c monoclonal antibodies or NKT cell –

 defi cient J � 18  � / �   mice failed to develop IL-25 – dependent AHR. Cell transfer of IL-17RB +  

but not IL-17RB  �   NKT cells into J � 18  � / �   mice also successfully reconstituted AHR induc-

tion. These results strongly suggest that IL-17RB +  CD4 +  NKT cells play a crucial role in 

the pathogenesis of asthma. 
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(Fig. S1, available at http://www.jem.org/cgi/content/full/
jem.20080698/DC1) by immunization with a recombinant 
IL-17RB – Ig fusion protein (Fig. S2). We fi rst investigated 
IL-17RB +  cells in the spleen by mouse IL-17RB mAb to 
confi rm the previous fi ndings that IL-17RB expression is 
detected on a fraction of non – B/non – T (NBNT), c-kit + , 
Fc � RI  �   cells in the mesenteric lymph node (Fig. S3), which 
has identifi ed as IL-4 – , IL-5 – , IL-13 – producing cells in response 
to IL-25 ( 12 ). NKT cells were distinct from the NBNT 
c-kit +  cells based on the expression of c-kit  �  , Fc � RI  �  , V � 14-
J � 18 +  transcripts detected by RT-PCR (Fig. S4). Moreover, 
IL-17RB was preferentially expressed on a fraction of  � -ga-
lactosylceramide ( � -GalCer)/CD1d dimer +  NKT cells but 
not on other cell types, including NBNT c-kit +  cells, CD4 +  
T cells, CD8 +  T cells,  �  �  +  T cells, CD19 +  B cells, CD11c +  
DCs, DX5 +  NK cells, or noninvariant NKT cells in the 
spleen ( Fig. 1 A ).  

 The preferential expression of IL-17RB in a fraction of 
NKT cells raises a question about the phenotypic and functional 

cells in  MHC class II  – defi cient mice ( 14 ). These fi ndings sug-
gest that NKT cells are directly involved in the development 
of AHR independent of Th2 responses in some conditions. 
In this report, we investigated the role of IL-25 in NKT cell –
 dependent AHR induction in mouse models and found that 
IL-17RB, a receptor for IL-25, was selectively expressed on 
a fraction of mouse NKT cells, which preferentially produced 
IL-13 and induced the development of AHR upon stimula-
tion with IL-25. 

  RESULTS AND DISCUSSION  

 We fi rst investigated the role of IL-25 in the development of 
AHR in relation to NKT cells because of previous fi ndings 
that IL-25 induces Th2-biased responses ( 5 – 7 ). The receptor 
for IL-25, termed IL-17RB or EVI27/IL-17BR, was originally 
found to bind IL-17B ( 15 ). Interestingly, however, the re-
ceptor binds IL-25 with higher affi  nity than IL-17B. There-
fore, this receptor is now termed IL-17RB/IL-25R ( 15 ). To 
identify mouse IL-17RB +  cells, we generated specifi c mAbs 

  Figure 1.     Phenotypic and gene expression profi les of splenic IL-17RB +  NKT cells.  (A) Identifi cation of IL-17RB +  cells from BALB/c mice. The indi-

cated populations were gated and analyzed by FACS using F(ab � ) 2  fragments of the anti – IL-17RB mAb B5F6. Shaded profi les in the histograms indicate 

the background staining with rat F(ab � ) 2  IgG2a. (B) FACS profi le of CD1d dimer +  NKT cells stained with anti-CD4 and anti – IL-17RB. (C) Surface pheno-

type of DN, IL-17RB  �   CD4 + , and IL-17RB +  CD4 +  NKT cells indicated in B. Shaded profi les in the histograms indicate the background staining with iso-

type-matched control antibody. Percentages are shown. (D – H) Quantitative analyses of genes for chemokine receptors (D), Th1-related molecules 

(E), Th2-related molecules (F), cytotoxic molecules (G), and Th17-related molecules (H) in isolated DN (black bars), IL-17RB  �   CD4 +  (gray bars), and IL-

17RB +  CD4 +  (white bars) NKT cells. Expression of each mRNA was determined by quantitative real-time PCR using the primer sets shown in Table S1 

(available at http://www.jem.org/cgi/content/full/jem.20080698/DC1) and is depicted as the number of transcripts per one copy of the housekeeping 

gene HPRT. One representative out of three experiments is shown (means  ±  SEM).   
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production ( 21 ) and for IL-21 production ( 22 ), in NKT cell 
activation.  Under these conditions, IL-25 – activated IL-17RB +  
NKT cells mainly produced IL-13, along with modest produc-
tion of IL-4, but barely produced IFN- �  ( Fig. 2 B ). Moreover, 
IL-17RB +  NKT cells produced Th2 chemokines such as 
thymus and activation-regulated chemokine/CCL17, mac-
rophage-derived chemokine/CCL22, and C10/CCL6 as well 
as eosinophil chemotactic factor – L (ECF-L) upon stimula-
tion with IL-25 ( Fig. 2 C ). These results indicate that IL-25 
triggers IL-17RB +  NKT cells to preferentially produce the 
IL-13, Th2 chemokines, and ECF-L important for recruit-
ment of eosinophils. 

 Recently, other IL-17 family members, IL-17A or IL-17F, 
have been shown to be involved in chronic infl ammatory and 
allergic lung diseases ( 23, 24 ). The expression levels of  IL-17A  
mRNA in IL-17RB +  NKT cells were slightly elevated after 
treatment with IL-25 ( Fig. 2 C ). However, levels of  IL-17A  
and  ROR � t  mRNA in IL-17RB +  NKT cells were lower than 
those in DN NKT cells ( Fig. 1 H ). Because high expression of 
 ROR � t  is one of the markers for Th17 cells, low expression of 
 ROR � t  in IL-17RB +  NKT cells ( Fig. 1 H ) indicates that IL-
17RB +  NKT cells are distinct from IL-17 – producing NKT 
cells. In addition, even though NK1.1-negative NKT cells 
represent IL-17 – producing cells in C57BL/6 mice ( 25, 26 ), it 

characteristics of these cells. Based on our current understanding, 
NKT cells are divided into two populations based on CD4/
CD8 expression: a CD4 +  and a CD4  �  CD8  �   double-negative 
(DN) population ( 16 ). Using an IL-17RB mAb, we found that 
one third of the CD4 +  but none of the DN NKT cells ex-
pressed IL-17RB, indicating the existence of three subpopula-
tions: DN, IL-17RB  �   CD4 + , and IL-17RB +  CD4 +  NKT 
cells ( Fig. 1 B ). Moreover, the majority of IL-17RB +  NKT 
cells were dimly positive for CD69 and CD122 compared 
with brightly positive DN NKT and IL-17RB  �   CD4 +  NKT 
cells ( Fig. 1 C ). The expression level of CD62L by IL-17RB +  
NKT cells was low, comparable to that on IL-17RB  �   CD4 +  
NKT cells and similar to that of conventional memory T cells, 
whereas it was quite high on DN NKT cells. In addition, IL-
17RB +  NKT cells (3%), like IL-17RB  �   CD4 +  NKT cells 
(11%), barely expressed an NK receptor, NKG2D, which was 
highly expressed on the majority ( > 60%) of DN NKT cells, 
suggesting their cytotoxic nature ( 17 ). 

 To investigate cytokine and chemokine gene expression 
profi les on IL-17RB +  NKT cells, we performed quantitative 
real-time PCR using primer sets as shown in Table S1 (available 
at http://www.jem.org/cgi/content/full/jem.20080698/DC1). 
The expression of the Th2 chemokine receptor  CCR4  was 
several times higher on IL-17RB +  NKT cells than on the 
other subsets, whereas no signifi cant diff erences were found 
in  CXCR6  expression ( Fig. 1 D ), which is important for NKT 
cell migration ( 18 ). The results are consistent with the previ-
ous fi ndings that NKT cells require CCR4 to localize to the 
airways and to induce AHR ( 19 ). 

 Concerning cytokine production of IL-17RB +  NKT cells, 
it is reported that NKT cells produce both Th1 and Th2 cyto-
kines at the same time upon stimulation with their ligand, 
 � -GalCer ( 20 ). Surprisingly, IL-17RB +  NKT cells expressed 
lower levels of Th1-related transcripts, such as  IFN- �  ,  T-bet ,  
Stat4 ,  IL-18R �  , and  IL-12R � 2  ( Fig. 1 E ), whereas higher 
levels of the Th2-related transcript  IL-4  were detected 
( Fig. 1 F ). In contrast, transcripts for cytotoxic eff ector mol-
ecules, such as  Granzyme ,  Perforin , and  killer receptors  ( KIRa1 , 
 KIRc1 ,  KIRd1 , and  KIRg1) , were expressed mainly in DN 
NKT cells ( Fig. 1 G ), supporting the previous fi ndings that 
DN NKT but not CD4 +  NKT cells predominantly mediate 
antitumor immunity ( 19 ) and also that NKG2D was predom-
inantly expressed on DN NKT cells, as shown in  Fig. 1 C . The 
expression levels of  IL-17A  and  ROR � t  transcripts in IL-
17RB +  NKT cells, which are high in Th17 cells, were lower 
than those in DN NKT cells ( Fig. 1 H ). These results on sur-
face phenotypes and mRNA expression profi les clearly indi-
cate that IL-17RB +  NKT cells are Th2-type NKT cells and 
are distinct from other NKT cells, such as DN NKT cells or 
IL-17 – producing NKT cells. 

 Next, we analyzed the function of IL-17RB +  NKT cells 
in response to IL-25 in vitro. IL-17RB +  NKT but not CD4 +  
IL-17RB  �   nor DN NKT cells responded to IL-25 in a dose-
dependent manner only in the presence of APCs ( Fig. 2 A ), 
which is similar to previous fi ndings on the requirement of 
two signals, such as IL-12 and CD1d on APCs for IFN- �  

  Figure 2.     Properties of splenic IL-17RB +  CD4 +  NKT cells.  (A and B) 

Proliferation (A) and cytokine production (B) of DN, IL-17RB  �   CD4 + , and 

IL-17RB +  CD4 +  NKT cells. Indicated NKT cell subpopulations (10 6  cells/ml) 

were co-cultured for 3 d with or without splenic CD11c +  DCs (10 5  cells/ml) 

in the absence or presence of IL-25 (0, 1, and 10 ng/ml), and proliferation 

was assayed by [ 3 H]thymidine incorporation (A) or cytokine production by 

cytokine bead array (B). The data are shown as the means  ±  SD of three 

cultures. The data are representative of four independent experiments. 

(C) Quantitative analysis of genes in IL-17RB +  CD4 +  NKT cells. IL-17RB +  

CD4 +  NKT cells (10 6  cells/ml) were co-cultured with splenic CD11c +  DCs 

(10 5  cells/ml) in the presence of 10 ng/ml IL-25 for 48 h. IL-17RB +  CD4 +  

NKT cells were sorted and analyzed for their gene expression by quantita-

tive real-time PCR, as described in Materials and methods. The data are 

representative of three independent experiments (means  ±  SEM).   

D
ow

nloaded from
 http://rup.silverchair.com

/jem
/article-pdf/205/12/2727/1195390/jem

_20080698.pdf by guest on 23 M
ay 2023



2730 MOUSE NKT CELLS BEARING IL-17RB CONTRIBUTE TO AIRWAY HYPERREACTIVITY  | Terashima et al. 

.org/cgi/content/full/jem.20080698/DC1). We also found 
that IL-17RB +  NKT cells were detected more in the lung and 
spleen than the thymus but were almost undetectable in the 
liver. Although the number of NKT cells in the lung was one 
tenth of that in the spleen or the thymus, IL-17RB +  NKT cells 
make up a higher proportion in the total NKT cells in the 
lung ( Fig. 3 A ).  Similar to the splenic NKT cells shown in 
 Fig. 1 A , the selective expression of IL-17RB on NKT cells was 
also detected in the lung, whereas conventional CD4 +  T,  �  �  +  
T, c-kit +  NBNT, and noninvariant NKT cells in the lung 
were negative or barely detectable ( Fig. 3 B ). 

 To determine whether IL-17RB +  NKT cells are re-
quired for IL-25 in the development of AHR, WT mice were 

has also been reported that IL-17 – producing NKT cells are 
not restricted to a particular NKT cell subset ( 27 ). Another 
report has also revealed that ozone- but not allergen-induced 
AHR requires IL-17A produced from both NKT and T cells 
( 28 ). These results suggest that IL-17RB +  NKT cells described 
in this report are not equivalent to IL-17A – producing NKT 
cells reported by others. 

 We further examined whether the frequency of IL-17RB +  
NKT cells diff ers among mouse strains because allergic re-
sponses are strain dependent. Intriguingly, IL-17RB +  NKT 
cells were fairly abundant in Th2-prone BALB/c and DBA2/
cr mice but were barely detectable in Th1-prone C57BL/6 
and C3H/HeN mice (Fig. S5, available at http://www.jem

  Figure 3.     Involvement of IL-17RB +  NKT cells in the development of IL-25 – induced AHR.  (A and B) Tissue distribution of IL-17RB +  NKT cells 

(A) and IL-17RB expression among lung mononuclear cell populations (B) in BALB/c mice.  � -GalCer/CD1d dimer +  NKT cells in the indicated organs (A) and 

mononuclear cell populations in the lung (B) from BALB/c mice were gated and analyzed by FACS using B5F6 F(ab � ) 2  IL-17RB mAb. Shaded profi les in the 

histograms indicate the background staining with rat F(ab � ) 2  IgG2a ( n  = 3). Percentages are shown. (C) Development of AHR. The changes in R L  were mea-

sured. The detailed method for development of OVA/IL-25 – induced AHR is described in Materials and methods. Results are expressed as the mean  ±  SEM. 

The group of IL-25 – treated WT mice was compared with three other groups. *, P  <  0.05; and **, P  <  0.01 calculated by ANOVA. The results represent one 

out of three experiments with fi ve mice in each group. (D and G) Total and differential cell counts (D) and cytokines (G) in BAL fl uid. BAL fl uid was col-

lected 24 h after challenge with intranasal OVA of the mice depicted in C. IL-25 – induced pulmonary infl ammation (D) and IL-13 and IL-5 production 

(G) were reduced in J � 18  � / �   mice. The data on cytokines in G are expressed as the amounts detected in the 10-fold PBS-diluted BAL samples. Results are 

expressed as means  ±  SEM. *, P  <  0.05; **, P  <  0.01. The group of IL-25 – treated WT mice was compared with three other groups. These results represent 

one out of four experiments with fi ve mice in each group. (E and F) Histological analysis of lung tissues with hematoxylin and eosin (E) and periodic acid 

Schiff (F) staining. IL-25 – treated WT (c) or J � 18  � / �   (d) mice were compared with WT (a) or J � 18  � / �   (b) mice from control ( n  = 4). Bars,100  μ m.   
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by OVA plus IL-25, indicating that IL-17RB +  NKT cells in 
the lung are functionally equivalent to those in the spleen. In 
addition, when equal numbers of cells were transferred, the 
severity of AHR induced by enriched IL-17RB +  NKT cells 
was almost three times higher than the total spleen NKT 
cells ( Fig. 4 D ), consistent with the ratio of IL-17RB +  NKT 
cells ( Fig. 1 B ). This indicates that the severity of AHR de-
pends on the cell numbers of IL-17RB +  NKT cells trans-
ferred ( Fig. 4 D ) and, thus, that IL-17RB +  NKT cells contribute 
to the development of IL-25 – dependent AHR. 

immunized with a suboptimal dose of OVA/alum twice and 
were subsequently treated with PBS before a single intranasal 
OVA challenge (see Materials and methods). Under these 
conditions, the mice failed to develop AHR. When the mice 
were subsequently treated with IL-25 instead of PBS, they 
developed AHR ( Fig. 3 C ). In contrast, even after treat-
ment with IL-25, NKT cell – defi cient J � 18  � / �   mice failed to 
develop signifi cant AHR, comparable to that seen in the PBS-
treated control mice ( Fig. 3 C ). Unlike WT mice, J � 18  � / �   
mice treated with IL-25 signifi cantly reduced numbers of air-
way macrophages, eosinophils, neutrophils, and lymphocytes 
in the lung ( Fig. 3 D ). 

 Hematoxylin and eosin staining of the lung tissue of IL-
25 – treated WT mice revealed that the levels of infi ltration of 
infl ammatory mononuclear cells into the peribronchiolar re-
gion were higher in WT mice with severe tissue destruction 
compared with those in J � 18  � / �   mice. No infl ammatory cell 
infi ltration was detected in untreated WT or J � 18  � / �   mice 
( Fig. 3 E ). By periodic acid Schiff  staining, mucus-producing 
cells were abundant only in IL-25 – treated WT but not J � 18  � / �   
mice ( Fig. 3 F ). To further investigate the eff ects on allergic 
responses mediated by IL-17RB +  NKT cells, we examined 
cytokine production in the bronchoalveolar lavage (BAL) fl uid 
of IL-25 – treated WT or J � 18  �    /    �   mice and controls. The pro-
duction of IL-5 and IL-13, which plays a crucial role in the 
recruitment of eosinophils and Th2 cells, respectively, were 
detected only in IL-25 – treated WT mice ( Fig. 3 G ). Even 
though IL-17RB +  NKT cells did not produce IL-5 upon 
IL-25 stimulation ( Fig. 2 B ), they produced ECF-L ( Fig. 2 C ), 
which is important for the recruitment of eosinophils produc-
ing IL-5. These results strongly suggest that IL-25 acts directly 
on NKT cells and induces AHR. 

 We then investigated whether IL-17RB +  NKT cells are 
involved in the development of IL-25 – dependent AHR, and 
we depleted IL-17RB +  cells with 3H8 IL-17RB mAb. Among 
the NKT cell populations, the majority of IL-17RB +  NKT 
cells were  � -GalCer/CD1d dimer hi  TCR �  hi , indicating that 
the expression level of TCR �  and TCR �  on IL-17RB +  NKT 
cells was higher than that on other IL-17RB  �   NKT cells ( Fig. 
4 A ).  IL-17RB +  NKT depletion persisted for at least 5 d after 
3H8 IL-17RB mAb injection ( Fig. 4 B ), whereas no eff ects 
were detected on other cell types, such as CD4 +  T,  �  �  +  T, 
and NBNT c-kit +  cells (Fig. S6, available at http://www.jem
.org/cgi/content/full/jem.20080698/DC1). As expected, 
treatment of 3H8 IL-17RB mAb signifi cantly induced sup-
pression of AHR ( Fig. 4 C ), which was tightly correlated with 
the reduction of the number of IL-17RB +  NKT cells ( Fig. 4 B ). 
Administration of an isotype-matched control mAb did not 
suppress AHR ( Fig. 4 C ), and the number of IL-17RB +  NKT 
cells remained unchanged ( Fig. 4 B ). 

 To confi rm the fi ndings that IL-17RB +  NKT cells are 
essential for the development of IL-25 – dependent AHR, we 
transferred enriched splenic IL-17RB +  NKT cells into J � 18  � / �   
mice and tested their ability to develop IL-25 – dependent AHR 
( Fig. 4 D ). The cell transfer of IL-17RB +  NKT cells, but not 
IL-17RB  �   NKT cells nor PBS alone, restored AHR induced 

  Figure 4.     Requirement of IL-17RB +  NKT cells in the development 

of IL-25 – induced AHR.  (A) FACS profi les of NKT cells in the expression 

of IL-17RB.  � -GalCer/CD1d dimer hi  TCR �  hi  NKT cells and  � -GalCer/CD1d 

dimer int  TCR �  int  NKT cells in the spleen from BALB/c mice were gated, and 

IL-17RB expression was analyzed using F(ab � ) 2  IL-17RB mAb B5F6. IL-

17RB was preferentially expressed in  � -GalCer/CD1d dimer hi  TCR �  hi  NKT 

cells ( n  = 3). (B) FACS profi les of NKT cells in mice treated with IL-17RB 

mAb.  � -GalCer/CD1d dimer +  TCR �  +  NKT cells in the spleen from BALB/c 

mice at the indicated days after injection of 3H8 IL-17RB mAb or control 

rat IgG2a (1 mg/mouse) were gated and analyzed by FACS. Depletion of 

IL-17RB +  NKT cells persisted for at least 5 d after 3H8 injection because 

of the absence of  � -GalCer/CD1d dimer hi  TCR �  hi  NKT cells in A ( n  = 2). 

Percentages are shown. (C) Development of AHR in mice treated with IL-

17RB mAb. The detailed method for development of OVA/IL-25 – induced 

AHR is described in Materials and methods. In brief, OVA/alum-sensitized 

mice were injected with 3H8 IL-17RB mAb or rat IgG2a (1 mg/mouse) 

24 h before 2  μ g IL-25 or PBS treatment and were challenged with OVA 

after 24 h, and R L  was determined after 48 h. The group of rat IgG2a –

 treated WT mice was compared with three other groups. Results are 

expressed as means  ±  SEM. The results represent one out of three experi-

ments with fi ve mice in each group. *, P  <  0.05; and **, P  <  0.01 calcu-

lated by ANOVA. (D) AHR development after cell transfer of spleen 

IL-17RB +  NKT cells into J � 18  � / �   mice. The detailed method for develop-

ment of OVA/IL-25 – induced AHR is described in Materials and methods. 

Indicated cell numbers of sorted IL-17RB + , IL-17RB  �   NKT, or total NKT 

cells from spleen or PBS control were intravenously transferred into OVA/

alum-sensitized J � 18  � / �   mice 24 h before treatment with 3  μ g IL-25 and 

were challenged with OVA after 24 h, and R L  was measured after 48 h. 

Each group of IL-17RB +  NKT cell – transferred mice was compared with 

three other groups. *, P  <  0.05; and **, P  <  0.01 calculated by the 

Kruskal-Wallis test. The results represent one out of four experiments 

with fi ve mice in each group. Results are expressed as means  ±  SEM.   
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 Flow cytometry.   Antibodies used for fl ow cytometric analysis were as fol-

lows: FITC anti – mouse TCR �  (H57-597; BD), Pacifi c blue anti – mouse CD4 

(RM4-5; BD), PerCP-Cy5.5 anti – mouse CD8 �  (53-6.7; BD), PE anti – mouse 

CD44 (IM7; BD), PE anti – mouse CD122 (TM- � 1; BD), PE anti – mouse 

CD62L (MEL-14; BD), and PE anti – mouse NKG2D (C7; eBioscience). 

 Proliferation assay.   Proliferation assays were done in 96-well U-bottomed 

plates. The spleen cell cultures were incubated for 3 d and pulsed with 0.037 

MBq/well of [ 3 H]thymidine (GE Healthcare) for the last 16 h. Radioactivity 

was measured using a MicroBeta (PerkinElmer). 

 Quantitative real-time PCR.   The PCR was performed with the Plati-

num SYBR Green qPCR SuperMix-UGD kit with ROX (Invitrogen) ac-

cording to the protocol provided. A sequence detection system (ABI PRISM 

7900HT; Applied Biosystems) was used for quantitative real-time PCR 

according to the manufacturer ’ s instructions. To ensure the specifi city of the 

amplifi cation products, a melting curve analysis was performed. Results were 

normalized using the internal control gene HPRT. Sequences of PCR prim-

ers (Table S1) were designed with Primer Express software (Applied Biosys-

tems) for optimal product length, germinal center content, and Tm value. 

 Statistical analysis.   The statistical signifi cance of diff erences was determined 

by analysis of variance (ANOVA) or the Kruskal-Wallis test. The values were 

expressed as means  ±  SEM from independent experiments. Any diff erence with 

a p-value of  < 0.05 was considered signifi cant (*, P  <  0.05; **, P  <  0.01). 

 Online supplemental material.   Fig. S1 shows generation of mouse IL-

17RB – specifi c mAbs. Fig. S2 shows expression and purifi cation of mouse 

IL-17RB – Ig fusion protein. Fig. S3 shows FACS profi les of cells stained 

with mouse IL-17RB – specifi c mAbs. Fig. S4 shows RT-PCR analysis on 

c-kit +  NBNT cells and NKT cell subsets. Fig. S5 provides IL-17RB +  NKT 

cells in diff erent mouse strains. Fig. S6 shows FACS analysis on CD4 +  T, 

 �  �  +  T, and c-kit +  NBNT cells in mice treated with anti – IL-17RB mAb. 

Table S1 lists primers used for quantitative real-time PCR analysis. Online 

supplemental material is available at http://www.jem.org/cgi/content/

full/jem.20080698/DC1. 
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 Although we have not identifi ed the cells producing IL-25 
in the present report, it is detected in lung biopsy samples from 
patients with asthma ( 29 ). In addition, IL-25 has been reported 
to induce infl ammatory cytokine and chemokine production 
by human lung fi broblasts, and components of extracellular 
matrix by airway smooth muscle cells ( 29 ). These reports have 
also suggested that IL-25 plays a role in human asthma ( 29 ). 
Our fi ndings clearly revealed IL-17RB +  NKT cells as target 
cells of IL-25 in the development of AHR or asthma. The ef-
fi cacy with which IL-17RB antibodies prevent AHR and 
reduce Th2-cytokine – induced infl ammation in vivo suggests 
that IL-17RB is an ideal therapeutic target for asthma. 

 MATERIALS AND METHODS 
 Mice.   BALB/c mice were purchased from Charles River Laboratories or 

Clea Japan, Inc. J � 18-defi cient mice were generated as previously described 

( 30 ) and were backcrossed  > 10 times to BALB/c mice. Mice were kept un-

der specifi c pathogen-free conditions and were used at 8 – 16 wk of age. All 

experiments were in accordance with protocols approved by the RIKEN 

Animal Care and Use Committee. 

 Generation of mouse IL-17RB – specifi c mAbs.   The IL-17RB – Ig fusion 

gene was created by fusing the cDNA of the extracellular domain of mouse 

IL-17RB in frame to the CH2/CH3 domains of human IgG1 in the pIRES2-

EGFP expression vector (Clontech Laboratories, Inc.). IL-17RB – Ig was puri-

fi ed from the culture supernatants of transfected HEK293 cells using a protein 

A – sepharose column (GE Healthcare; Fig. S2). Mouse IL-17RB mAbs were 

produced by immunizing Wister rats with IL-17RB – Ig. After initial screening 

by ELISA on IL-17RB – Ig fusion protein, 100 hybridoma clones were further 

characterized by fl ow cytometry on IL-17RB transfectants (Fig. S1). 

 OVA/IL-25 – induced AHR model.   The original protocol for induction 

of AHR by OVA sensitization (100  μ g three times) and challenge (100  μ g 
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present study. In our modifi ed method, mice were intraperitoneally immu-

nized with a suboptimal dose of OVA/alum twice and were subsequently 

challenged once with intranasal OVA at the same time points as described. 

In this model, BALB/c mice failed to induce development of AHR, cell 

infi ltration, and histological changes in the lung without IL-25 but induced 

AHR with intravenous injection of IL-25 ( Fig. 3 ). In brief, mice were intra-

peritoneally immunized with 50  μ g/2 mg OVA/alum twice at a 1-wk inter-

val. 7 d later, mice were treated intravenously with 2  μ g/200  μ l IL-25 or 200  μ l 

of control PBS at 2 d before intranasal challenge with 50  μ g OVA. 24 h later, 

AHR responses were measured. For transfer of IL-17RB + , IL-17RB  �   NKT, 

or total NKT cells, cells were sorted by a FACSAria (BD). Sorted cells or 

PBS alone were intravenously injected 1 d before IL-25 treatment ( Fig. 4 D ). 

For depletion of IL-17RB +  cells, 1 mg 3H8 IL-17RB mAb was intraperito-

neally injected 5 d before AHR measurement ( Fig. 4 C ). 

 Measurement of airway responsiveness.   Airway function was measured 

for changes in lung resistance (R L ) and dynamic compliance in response to in-

creasing doses of inhaled methacholine (1.25, 2.5, 5, 10, and 20 mg/ml) by us-

ing an invasive fl exiVent (SCIREQ Scientifi c Respiratory Equipment Inc.). 

 Lymphocyte isolation and analysis of BAL fl uid.   After measurement of 

AHR and death, the lung of the mouse trachea canulated was lavaged twice 

with 1 ml PBS ( � 10-fold PBS dilution), and the BAL fl uid was pooled as 

previously described ( 13 ). Spleen, blood, and lung lymphocytes were isolated 

as described previously ( 31 ). 

 Cytokine measurement.   BAL fl uid and culture supernatants were col-

lected and analyzed by cytometric bead array (BD) according to the manu-

facturer ’ s protocol. 

D
ow

nloaded from
 http://rup.silverchair.com

/jem
/article-pdf/205/12/2727/1195390/jem

_20080698.pdf by guest on 23 M
ay 2023



JEM VOL. 205, November 24, 2008 2733

BRIEF DEFINITIVE REPORT

 Transgenic overexpression of human IL-17E results in eosinophilia, 
B-lymphocyte hyperplasia, and altered antibody production.    Blood   .  
 100 : 2330  –  2340 .   

    8 .  Ikeda ,  K. ,  H.   Nakajima ,  K.   Suzuki ,  S.   Kagami ,  K.   Hirose ,  A.   Suto ,  Y.  
 Saito , and  I.   Iwamoto .  2003 .  Mast cells produce interleukin-25 upon Fc 
epsilon RI-mediated activation.    Blood   .   101 : 3594  –  3596 .   

    9 .  Tamachi ,  T. ,  Y.   Maezawa ,  K.   Ikeda ,  S.   Kagami ,  M.   Hatano ,  Y.   Seto , 
 A.   Suto ,  K.   Suzuki ,  N.   Watanabe ,  Y.   Saito ,  et al .  2006 .  IL-25 enhances 
allergic airway infl ammation by amplifying a TH2 cell-dependent path-
way in mice.    J. Allergy Clin. Immunol.    118 : 606  –  614 .   

    10 .  Hurst ,  S.D. ,  T.   Muchamuel ,  D.M.   Gorman ,  J.M.   Gilbert ,  T.   Cliff ord ,  S.  
 Kwan ,  S.   Menon ,  B.   Seymour ,  C.   Jackson ,  T.T.   Kung ,  et al .  2002 .  New 
IL-17 family members promote Th1 or Th2 responses in the lung: 
in vivo function of the novel cytokine IL-25.    J. Immunol.    169 : 443  –  453 .  

    11 .  Ballantyne ,  S.J. ,  J.L.   Barlow ,  H.E.   Jolin ,  P.   Nath ,  A.S.   Williams ,  K.F.  
 Chung ,  G.   Sturton ,  S.H.   Wong , and  A.N.   McKenzie .  2007 .  Blocking 
IL-25 prevents airway hyperresponsiveness in allergic asthma.    J. Allergy 
Clin. Immunol.    120 : 1324  –  1331 .   

    12 .  Fallon ,  P.G. ,  S.J.   Ballantyne ,  N.E.   Mangan ,  J.L.   Barlow ,  A.   Dasvarma , 
 D.R.   Hewett ,  A.   McIlgorm ,  H.E.   Jolin , and  A.N.   McKenzie .  2006 . 
 Identifi cation of an interleukin (IL)-25 – dependent cell population that 
provides IL-4, IL-5, and IL-13 at the onset of helminth expulsion.  
  J. Exp. Med.    203 : 1105  –  1116 .   

    13 .  Akbari ,  O. ,  P.   Stock ,  E.   Meyer ,  M.   Kronenberg ,  S.   Sidobre ,  T.  
 Nakayama ,  M.   Taniguchi ,  M.J.   Grusby ,  R.H.   DeKruyff  , and  D.T.  
 Umetsu .  2003 .  Essential role of NKT cells producing IL-4 and IL-13 
in the development of allergen-induced airway hyperreactivity.    Nat. Med.   
 9 : 582  –  588 .   

    14 .  Meyer ,  E.H. ,  S.   Goya ,  O.   Akbari ,  G.J.   Berry ,  P.B.   Savage ,  M.  
 Kronenberg ,  T.   Nakayama ,  R.H.   DeKruyff  , and  D.T.   Umetsu .  2006 . 
 Glycolipid activation of invariant T cell receptor +  NK T cells is suf-
fi cient to induce airway hyperreactivity independent of conventional 
CD4 +  T cells.    Proc. Natl. Acad. Sci. USA   .   103 : 2782  –  2787 .   

    15 .  Moseley ,  T.A. ,  D.R.   Haudenschild ,  L.   Rose , and  A.H.   Reddi .  2003 . 
 Interleukin-17 family and IL-17 receptors.    Cytokine Growth Factor Rev.   
 14 : 155  –  174 .   

    16 .  Crowe ,  N.Y. ,  J.M.   Coquet ,  S.P.   Berzins ,  K.   Kyparissoudis ,  R.   Keating , 
 D.G.   Pellicci ,  Y.   Hayakawa ,  D.I.   Godfrey , and  M.J.   Smyth .  2005 . 
 Diff erential antitumor immunity mediated by NKT cell subsets in vivo.  
  J. Exp. Med.    202 : 1279  –  1288 .   

    17 .  Jamieson ,  A.M. ,  A.   Diefenbach ,  C.W.   McMahon ,  N.   Xiong ,  J.R.  
 Carlyle , and  D.H.   Raulet .  2002 .  The role of the NKG2D immuno-
receptor in immune cell activation and natural killing.    Immunity   .  
 17 : 19  –  29 .   

    18 .  Johnston ,  B. ,  C.H.   Kim ,  D.   Soler ,  M.   Emoto , and  E.C.   Butcher .  2003 . 
 Diff erential chemokine responses and homing patterns of murine TCR 
alpha beta NKT cell subsets.    J. Immunol.    171 : 2960  –  2969 .  

    19 .  Meyer ,  E.H. ,  M.A.   Wurbel ,  T.L.   Staton ,  M.   Pichavant ,  M.J.   Kan , 
 P.B.   Savage ,  R.H.   DeKruyff  ,  E.C.   Butcher ,  J.J.   Campbell , and  D.T.  

 Umetsu .  2007 .  iNKT cells require CCR4 to localize to the airways and 
to induce airway hyperreactivity.    J. Immunol.    179 : 4661  –  4671 .  

    20 .  Taniguchi ,  M. ,  M.   Harada ,  S.   Kojo ,  T.   Nakayama , and  H.   Wakao . 
 2003 .  The regulatory role of Valpha14 NKT cells in innate and acquired 
immune response.    Annu. Rev. Immunol.    21 : 483  –  513 .   

    21 .  Brigl ,  M. ,  L.   Bry ,  S.C.   Kent ,  J.E.   Gumperz , and  M.B.   Brenner .  2003 . 
 Mechanism of CD1d-restricted natural killer T cell activation during 
microbial infection.    Nat. Immunol.    4 : 1230  –  1237 .   

    22 .  Harada ,  M. ,  K.   Magara-Koyanagi ,  H.   Watarai ,  Y.   Nagata ,  Y.   Ishii ,  S.  
 Kojo ,  S.   Horiguchi ,  Y.   Okamoto ,  T.   Nakayama ,  N.   Suzuki ,  et al .  2006 . 
 IL-21 – induced B �  cell apoptosis mediated by natural killer T cells sup-
presses IgE responses.    J. Exp. Med.    203 : 2929  –  2937 .   

    23 .  Rahman ,  M.S. ,  A.   Yamasaki ,  J.   Yang ,  L.   Shan ,  A.J.   Halayko , and  A.S.  
 Gounni .  2006 .  IL-17A induces eotaxin-1/CC chemokine ligand 11 ex-
pression in human airway smooth muscle cells: role of MAPK (Erk1/2, 
JNK, and p38) pathways.    J. Immunol.    177 : 4064  –  4071 .  

    24 .  Hizawa ,  N. ,  M.   Kawaguchi ,  S.K.   Huang , and  M.   Nishimura .  2006 . 
 Role of interleukin-17F in chronic infl ammatory and allergic lung dis-
ease.    Clin. Exp. Allergy   .   36 : 1109  –  1114 .   

    25 .  Michel ,  M.L. ,  A.C.   Keller ,  C.   Paget ,  M.   Fujio ,  F.   Trottein ,  P.B.   Savage , 
 C.H.   Wong ,  E.   Schneider ,  M.   Dy , and  M.C.   Leite-de-Moraes .  2007 . 
 Identifi cation of an IL-17 – producing NK1.1 neg  iNKT cell population 
involved in airway neutrophilia.    J. Exp. Med.    204 : 995  –  1001 .   

    26 .  Coquet ,  J.M. ,  S.   Chakravarti ,  K.   Kyparissoudis ,  F.W.   McNab ,  L.A.  
 Pitt ,  B.S.   McKenzie ,  S.P.   Berzins ,  M.J.   Smyth , and  D.I.   Godfrey .  2008 . 
 Diverse cytokine production by NKT cell subsets and identifi cation 
of an IL-17-producing CD4 � NK1.1 �  NKT cell population.    Proc. Natl. 
Acad. Sci. USA   .   105 : 11287  –  11292 .   

    27 .  Rachitskaya ,  A.V. ,  A.M.   Hansen ,  R.   Horai ,  Z.   Li ,  R.   Villasmil ,  D.  
 Luger ,  R.B.   Nussenblatt , and  R.R.   Caspi .  2008 .  Cutting edge: NKT 
cells constitutively express IL-23 receptor and RORgammat and rapidly 
produce IL-17 upon receptor ligation in an IL-6-independent fashion.  
  J. Immunol.    180 : 5167  –  5171 .  

    28 .  Pichavant ,  M. ,  S.   Goya ,  E.H.   Meyer ,  R.A.   Johnston ,  H.Y.   Kim ,  P.  
 Matangkasombut ,  M.   Zhu ,  Y.   Iwakura ,  P.B.   Savage ,  R.H.   DeKruyff  , 
 et al .  2008 .  Ozone exposure in a mouse model induces airway hyper-
reactivity that requires the presence of natural killer T cells and IL-17.  
  J. Exp. Med.    205 : 385  –  393 .   

    29 .  L é tuv é  ,  S. ,  S.   Lajoie-Kadoch ,  S.   Audusseau ,  M.E.   Rothenberg ,  P.O.  
 Fiset ,  M.S.   Ludwig , and  Q.   Hamid .  2006 .  IL-17E upregulates the ex-
pression of proinfl ammatory cytokines in lung fi broblasts.    J. Allergy Clin. 
Immunol.    117 : 590  –  596 .   

    30 .  Cui ,  J. ,  T.   Shin ,  T.   Kawano ,  H.   Sato ,  E.   Kondo ,  I.   Toura ,  Y.   Kaneko , 
 H.   Koseki ,  M.   Kanno , and  M.   Taniguchi .  1997 .  Requirement for 
V � 14 NKT cells in IL-12-mediated rejection of tumors.    Science   .  
 278 : 1623  –  1626 .   

    31 .  Watarai ,  H. ,  R.   Nakagawa ,  M.   Omori-Miyake ,  N.   Dashtsoodol , and 
 M.   Taniguchi .  2008 .  Methods for detection, isolation and culture of 
mouse and human invariant NKT cells.    Nat. Protoc   .   3 : 70  –  78 .       

D
ow

nloaded from
 http://rup.silverchair.com

/jem
/article-pdf/205/12/2727/1195390/jem

_20080698.pdf by guest on 23 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (U.S. Prepress Defaults)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


